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Abstract 
The estimation of the speed of ultrasound is the fundamental requirement for investigating the transport properties of liquid and 
solid systems. Ultrasonic velocities of liquid mixtures containing polar and non-polar groups are of considerable importance in 
understanding inter-molecular interaction between component molecules and they find applications in several industrial and 
technological processes. There are many standard mathematical methods available to measure the ultrasonic velocity. In the 
present study, interferometric technique is planned for experimental measurement of ultrasound velocity. In this paper, the speed 
of ultrasound waves in Polypropylene Glycol (PPG 400, PPG 4000) in toluene has been estimated for different concentrations 
(2%, 4%, 6%, 8% & 10%) at 303K and these experimental values compared with theoretical values obtained by using various 
mathematical methods like Nomotto’s Relation, Vandeal Vangeal Relation, Impedance Relation, and Rao’s specific sound 
velocity. The most reliable method that matches with experimental method is identified using Average Percentage Error (APE) 
and analysed in the light of molecular interactions occurring in the binary liquid systems. Comparison of evaluated theoretical 
velocities with experimental values will reveal the nature of interaction between component molecules in the mixtures. Such 
theoretical study is useful in defining a comprehensive theoretical model for a specific liquid mixture. Also, various molecular 
interaction parameters like free volume, internal pressure, viscous relaxation time, inter atomic free length, etc are calculated and 
discussed in terms of polymer-solvent interactions. 
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1. Introduction 
Polypropylene glycol is a polymer of propylene glycol. Polypropylene Glycol is used as a primary ingredient in 
the production of paintballs, tuning reference in mass spectrometry, used as a surfactant, wetting agent, dispersant in 
leather finishing and used in many formulations for Polyurethanes. During the last two decades, ultrasonic study of 
liquid mixtures has gained much importance in assessing the nature of molecular interactions present in the 
mixtures. The deviation from linearity in the values of ultrasound velocity when studied as a function of 
concentration is found to exhibit interesting variations in the case of liquid mixtures (Vadamalar et al. (2011)). 
Experimental and theoretical ultrasonic velocity studies in liquids and polymer solutions have been the subject of 
research in recent years (Gayathri et al. (2015)). Molecular interactions and theoretical ultrasonic velocity of liquids 
have been reported by many researchers (Azhagiri et al. (2009); Krishnamurthi et al. (2012); Thennarasu et al. 
(2011)). In the present paper, the ultrasonic velocity, density and relative viscosity studies are performed for various 
concentrations of PPG 400 and PPG 4000 in toluene at 303K. The experimental ultrasonic velocity values are 
compared with theoretical values obtained by using various mathematical methods like Nomotto’s Relation, 
Vandeal and Vangeal Relation, Impedance Relation and Rao’s specific sound velocity. The most accurate 
mathematical  method is identified using Average Percentage Error (APE) and discussed in the light of molecular 
interactions occurring in the binary liquid systems. Various molecular interaction parameters like free volume, 
internal pressure, viscous relaxation time, intermolecular free length are calculated and discussed in terms of 
polymer-solvent interactions. 
 
2.  Methods and Materials 
 
The polymer solutions are prepared by dissolving PPG 400 and PPG 4000 in toluene to get desired 
concentrations (2%, 4%, 6%, 8% and 10%). Magnetic stirrer [REMI make] was used for this purpose at a rate of 
1000 rpm. The relative viscosity of the polymer solutions is studied at 303K for different concentrations using 
Brookfield viscometer [accuracy ±0.01 cP]. Density values are measured using specific gravity method. The mass 
of the liquid was measured using a K-ROY make Electronic balance, with an accuracy of ±0.001gm. The 
ultrasonic velocity measurements are performed using Mittal make single frequency ultrasonic interferometer at 2 
MHz (F-81 model) (uncertainty ± 0.01m/s). The temperature of viscometer and interferometer are maintained at 
303K by circulating water from a thermostat with a thermal stability of ± 0.05 K. 
 
3.  Results and Discussion 
 
3.1.  Evaluation of Theoretical ultrasonic velocity 
 
In recent years, measurement of ultrasonic velocity found extensive application in determining the 
physicochemical behavior of liquid mixtures. Theoretical evaluation of ultrasound velocity gives a better 
understanding of molecular arrangement in liquids. In the present study, ultrasonic velocity is determined for PPG 
400 and PPG 4000 in toluene at different concentrations at 303K temperature. The experimental ultrasonic velocity 
values are compared with theoretical ultrasonic velocities by Nomotto’s relation (UNomotto), Vandeal Vangeal (UIMR) 
relation, Impedance relation (UIR) and Rao’s specific sound velocity relation (UR) as given below. 
 
        (1) 
 
     (2) 
 
          (3) 
 
           (4) 
   
where R is the molar sound velocity, X1 and X2 mole fractions of first and second components, M1 and M2 are the 
molecular weights of first and second component. Xi, Zi and di denote mole fraction, acoustical impedance and 
density of liquid mixtures. 
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The percentage of deviation is calculated by the following equation 
 
      (5) 
 
where n is the number of data used, Uexp is the experimental ultrasonic velocity and Ucal is the theoretical 
ultrasonic velocity. 
 
The experimentally measured ultrasonic velocity and the estimated ultrasonic velocity from various mathematical 
models like Nomotto, Vandeal Vangeal, Impedance Relation and Rao’s Specific Velocity Method for the binary 
liquid mixture of PPG 400 and PPG 4000 in toluene at five different concentrations at 303K are presented in the 
Table 1. From this table, it is observed that the experimental values of ultrasound velocity increases with increase in 
concentration for both systems. The molecular association is responsible for this increasing trend. The ultrasound 
velocities obtained from Nomotto’s relation method, Impedance relation method and Rao’s specific sound velocity 
values are almost same. For Vandeal Vangeal method reverse trend is observed where the ultrasonic velocity 
decreases with increase in concentration. The limitations and approximations incorporated in these theories are 
responsible for the deviations of theoretical values from experimental values. Table 1 shows the variation of 
percentage of deviation with respect to the composition of PPG 400 and PPG 4000 in toluene at 303 K. It is  
understood that the percentage of deviation is more in Vandeal Vangeal method than Nomotto’s relation method 
than Rao’s specific sound velocity method than Impedance Relation method. In Impedance relation method, only 
negligible deviation to experimental values is observed when compared to other methods. 
 
Table 1. Values of Experimental & Theoretical Ultrasonic velocity and Average Percentage error for PPG 400 and PPG 4000 in toluene at 303K  
     
          
3.2.  Molecular Interaction Studies 
 
From Table 2, it is evident that intermolecular free length decreases with increase in concentration. At lower 
concentration range the molecules exhibit weak interaction due to dominant repulsive force and at higher 
concentration there is a specific interaction among the molecules. In view of greater forces of interaction between 
solute and solvent molecules forming hydrogen bonding, there will be a decrease in free length of the mixture. The 
free volume follows reverse trend of viscosity. Therefore viscosity rather than velocity determines the free volume 
of the present system. Since the viscosity of the polymer is varied due to molecular interaction or polymer salvation, 
same parameters are influencing the free volume also. Free volume reduces when the internal pressure increases. In 
System Concentration  
(gm/dL) 
Ultrasonic Velocity (m/s) Average Percentage Error (%) 
Experimental Nomotto Vandeal 
& 
Vangeal 
Impedance 
relation 
Rao’s 
specifc 
sound 
velcoity 
Nomotto Vandeal 
& 
Vangeal 
Impedance 
relation 
Rao’s 
specifc 
sound 
velcoity 
PPG 
400 
2 
4 
6 
8 
10 
1272.01 
1272.99 
1273.04 
1274.36 
1275.23 
1277.94 
1279.28 
1280.57 
1281.81 
1283.02 
1268.11 
1260.02 
1252.25 
1244.78 
1237.60 
1277.00 
1277.44 
1277.88 
1278.32 
1278.75 
1278.12 
1278.49 
1278.86 
1279.22 
1279.58 
0.4661 
0.4941 
0.5914 
0.5846 
0.6108 
0.3066 
1.0188 
1.6330 
2.3211 
2.9508 
0.3922 
0.3495 
0.3801 
0.3107 
0.2760 
0.4803 
0.4320 
0.4571 
0.3813 
0.3411 
PPG 
4000 
2 
4 
6 
8 
10 
1272.17 
1273.92 
1274.80 
1275.67 
1276.34 
1277.66 
1278.74 
1279.77 
1280.77 
1281.73 
1262.78 
1249.48 
1236.62 
1224.18 
1212.12 
1276.58 
1276.62 
1276.66 
1276.69 
1276.73 
1277.78 
1277.81 
1277.84 
1277.87 
1277.90 
0.4315 
0.3783 
0.3898 
0.3997 
0.4223 
0.7381 
1.9184 
2.9949 
4.0363 
5.0315 
0.3466 
0.2119 
0.1459 
0.0799 
0.0305 
0.4409 
0.3053 
0.2384 
0.1724 
0.1222 
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the present case, free volume for of PPG (400, 4000) is maximum at 2% and minimum for 10% concentration 
[Table 2]. Viscous relaxation time increases with increasing concentration which shows that viscous forces play a 
dominant role in the relaxation process. This indicates that the solution is highly ordered due to outstanding 
hydration and such solution generally absorbs more ultrasonic energy. The internal pressure of a liquid reflects the 
molecular interaction. Internal pressure increases with increase in concentration of polypropylene glycol. All the 
molecular interaction parameters show linear variation with increase in concentration and it indicates the absence of 
complex formation between the molecules. 
 
Table 2. Molecular Interaction Parameters for PPG 400 and PPG 4000 in Toluene at 303K 
 
System Concen. 
(gm/dL) 
Density 
(Kg/m3) 
Relative 
Viscosity 
(x10-3 Nsm-2) 
Intermolecular 
free length     
(x 10-11 m) 
Free Volume 
(x 10-7  
m3 mol-1) 
Relaxation 
time       
(x 10-13 s) 
Internal 
Pressure    
(x 108 atm) 
PPG 400  2 
4 
6 
8 
10 
857.87 
860.88 
864.39 
866.90 
868.90 
0.82 
0.86 
0.89 
0.93 
1.00 
5.5694 
5.5554 
5.5439 
5.5302 
5.5200 
1.9809 
1.8939 
1.8444 
1.7714 
1.6283 
7.8767 
8.2194 
8.4709 
8.8078 
9.4359 
3.3752 
3.3956 
3.3972 
3.4132 
3.4792 
PPG 4000  2 
4 
6 
8 
10 
856.37 
859.38 
862.29 
864.39 
867.5 
0.85 
0.87 
0.97 
1.12 
1.26 
5.5736 
5.5562 
5.5430 
5.5325 
5.5197 
1.8909 
1.8901 
1.6593 
1.3808 
1.1941 
8.1772 
8.3174 
9.2294 
10.6162 
11.8879 
3.4130 
3.3724 
3.4803 
3.6554 
3.7940 
 
4. Conclusion 
 
The ultrasonic velocity is calculated for the binary mixtures of PPG 400 and PPG 4000 in toluene for different 
concentrations at 303K. The experimental values are compared with the theoretical methods. From these, it may be 
concluded that Impedance relation method is the best suitable method for estimating the speed of ultrasound waves 
in the systems taken for study. Variation of molecular interaction parameters with concentration suggested the 
absence of complex formation between the molecules and the effect of concentration is analysed. 
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